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Mbstract

The LASL Hydrogen Program is continuing its investigati~n ~f practical schames

to decompose vater themmochemically for hydrogen production.

Efforts were and are

being devoted to process improvements in cycles that use sulfurlc acid am an inter-

wediate.

coming the heat penalty in drying acid solutions.

Sulfuric acid-hydrogen bromide cycles are being studied as a means of over-

An slternate spproach {nvolves the

use of insoluble bismuth sulfate that is preclpitated from acid solutlin.

Preliminary snergy balances indicate a sigriflcant Increase in cycle efficlency

for bocth these options.

Introduction

in the development of practical thermochemical
cycles for hydrogen production from watar, the ap-
proach sdopted by the Los Alamos Scientific Labora-
tory has been to verify proposed cycle reaction
schemes by experimenct. This verification involves
the careful determination of yields, rates and equi-
libria as well ar the thermochemistry of the indi-
vidual resactions in a cycle under a wide varfety of
operating conditions. After demonstration of a cy-
cla's scientific feas{bility, s preliminary engi-
neering analysis is attempted to evaluate cycle ef-
ficiency and cost. Further experimentation is car-
ried out to optimize the cycla as indicated by the
sbove analysis. Tvpically, enhanced reaction vield
leads to lower intrrnal recycle rates and thus to a
smaller energy expenditure involved i{n the separa-
tion of reaction products. Increase in reaction
velocity lessens residence times within a reactor
and thus contributes to lower capital cest for the
overall cycla.

IE a cycle should appear promising after the
in{tiui evalustion described, a final phase of pro-
cesn development would involve a bench-scale, closed
loop test that provides data for more realistic en-
gineering evaluation and cost analyses.

Together with theso activities, an attempt is
being made to match the hest requirements or the
cycle to potential heat sources which could be de-
rived from c{*her figslon, fusion nr molar ensrgy.

Much uof the work done in the LASL program has
been described by members of the h:drogen group in
both publications and presentations at national and
international scientlfic meetinge.(l-7) The pro-
grom vas also recently summar{zed at the Thermo-
chemical Hydrogen Contractors’ Review Meeting liwld
at DOE-ity in October.(6)

The process development and enzlneering analyv-
gls activitles have been directed primarily to

experimental srulies of :naEtlonl relevant to cycles
enploying sulfuric acid as an {ntermedlate substance.
These cycles include the sulfuric acid-hydrogen bro-
mide cycle, the hybrid sulfur!: acld cycle (Westing-
house) and the sulfuric-acid-iodine cycle {General
Atomic). The racionale far this work is to avoid
the large hea: penalties incurred on drying sulfuric
acid solutions. The aspproach taken in the case of
sulfuric ascid-hydrogen bromide cycle has been to
devise means of decomposing anhydrous hvdropen bro-
mide wiick is produced with essentially pure sul-
furic acid in one of the cycle steps making water
evaporation unnecessaryv., In the work supporting the
davelopment of the hybrid cycle and the iodine cycle,
the approsch is slightly diffarent, The use of an
insoluble, non-hydrated, metal sulfate preciplicated
from sulfuric acid solucions as a means of recover-
ing eulfur trioxide (and hencea sulfur dioxide) with-
out having to dry the acid is being continued. Ef-
forts have bean devoted to the engineering design
and snalysis of these modilications which produce
smaller heat penslties as compared to the existing
forms of the cycles. Results are an erpected {n-
crease in cycle efficiency.

A preliminary view of cvecles having maximum ra-
action temperatures in the 1500-1700 K range Lls beine
undarteken. These temperatures may be attained In
magnetic fusiun energy schemes. Magnetic fusion en-
ergy moy thus incnrporate thersochemical cvclen in
Lhe producrion ' gvnthetic fuels.

The Sulfuric Acld-Hvdrogen Bromide Cvcle

The conceptual cvcle can be best deacrihed by
the lolloving resctions:

Lov Tempurature lleat-Rejecting Reactions

I, 2"20 + 502 + lrz - uzso‘ + 2HBr

(water ubsuorptiuvn)



High Temperature leat Absorbing Reactions

. H

2506 - SO2 + H

0+ 1/20,

(oxygen release)

2

3. 2HBr = H, + Br, (hydrogen releas.)

2
In practice, as reaction 2 does not proceed as
written excep: electrochemically, it is usual to
substitute the following sequunce.

4. ZRBrx + 2UHBr = 2R3r(x+1) + Hz

(hydrogen release)

5. ZRBt(x+1) = ZRBrx + Br

2

(bromine regeneration)

in principle, this cycle could be more effici-
ent than the other sulfuric acid cycies under con-
sideration. Reaction 1 yields nearly 100% HZSO
rather than 50% H.SOA as formed in the other cycles.
Thue the rather lﬁrge heat requirements for drying
sulfuric azid can be avoided. In addition, typi-
cal 45° values for metal bromide decompositions
are very near the vzlue required for an "t{deal"
two-step decomposition of hydrogen bromide.

A preliminary energy balance illustrates this
point further. This balance is shown in Table I.
The products of reaction 1 are H50, (liq.) and
anhydrous HBr, the AH® for HBr decomposition is
+72.8 kJ (for 2 mols of HBr), however the AG® for
this reaction is +107.1 kJ. As Table Il Indicates,
it 1is possible to use twice or three times the
theoretical heat (of reaction) in a sulfuric acid-
hydrogen bromide cycle and still obtain a thermal
efficlency cf the order of 50%.

From literature data, the VBry-VBrj couple and
the CrBr~CrBry couple have 4GY values near the val-
ue required for the efficlent decomposition of HBr.
However, in both cases the reaction of HBr with the
lower bromide (to evolve H2) is far too slow.

Earlier, satisfactory reaction rates were dem-
onstrated for reactions involving chromium bromide
hydrates (3). Consequently, in an attempt to pro=-
mote the chromium bromide reactions in the absence
of ater, reactions 6 and 7 of the following se-
quence were investigated.

6. Snarz(s) + 2HBr(g) = Snnra(i) + H2 300-510 ¥

7. 2CrBr2(s) + SnBra(Q) - SnBrZ(w) + 2Cr8r3(s)
300-390 K

Sum: 2CrBr2(s) + 2HBr(g) = 2CrBr3(s) + H2

8. ZLrBrJ(o) - 2CrBr2(n) + Brz 1173 K

The thermochemical properties of the SnBri-
SnBry couple would permir {t to act as an oxidation-
reduc:ion catalyst to achieve the summation reac-
tion. Resctiuns of HBr with mixtures containing
known amounts of SuBrj, CrBrp, and CrBrj at a tem-
parature of 3i6 K (in the presence of palladium
black) resulted in hydrogen formation. Details of
these experiments are given in reference 5. Use of
this nequence {n a practieal cycle would depand on

incresned reaction rates and more efficient use of
the palladium catalyst.

A second halide hydrolysis sequence was also
evaluated as a possible aubcycle for HBr decomposi-
tion. The cycle is composed of reactions 9 and 10
in the following sequence.

9. 2Ce0Br + 2H20 - 2Ce02 + 2HBr + Hz

10, 2Ce0, + 4HBr = 2Ce0Br + éuzo + Br

2

2Ce0Br + 4HBr = ZCeBr3
Reaction 10, conducted at temperatures between
775 and 875 K produced a solid CeOBr phase and bro-
mine. Reaction 9, the hydvogen releasing reaction,
was studied at temperatures from 1070-1250 K in or-
der to obtain equilibrium dita as well as kinetics.
In these experiments measurad quantiries of Hp0 were
passed over Ce0OBr at the reaction temperature and
the rate of hydrogen evolution was determined. Val-
uec of log Kpranging from -5.5 to -3.0 were obtained
over the temperature range investigated.(5) The

0H° for the cerium oxybromide hydrolysis was found
to be in the + 250 kJ region. At practical reaction
temperatures, this set of reactions .-for HBr decom-
positicn exhibits a positive AG“ value. Thus they
constitute a "hybrid" cycle for HBr decomposition

in which mechanical work is used in the place of
electrical work in the more familiar electrochemical-
thermochemical hybrid cycle. The total positive AGO
requirement will be reduced by an important AT-AS°
term, however, and will be significantly lower than
the room temperature AG® for HBr decomposition.

2

11. + 2H20

Despite the above, a successful HBr sub-cycle
has not yet been achieved, work with other compounds
{c continuing.

Use of Metal Sulfates in the HoS04 Cycles

In the H2S504 hvbrid cycle (reactions (12-14)
large amounts of heat are needed to dehydrate the
sulfuric acid for the acid concentrations currently

(aq.) + "2'

electrochemical

12. SO2 + ZHZO = H SOA

2

13. H,80, (aq.) = S0y + Hy0
14, ¢ =350, + 1/20,
produc + reaction 12. A significant saving in

energy w.uht be achleved by forming a suitable metal
sulfate from the HZSO . The alternative hybrid cy-
cle may be representeé by

12. SO2 + 2H20 - stoa \aq.) + H2.
electrochemical

12a. “250& + MO = MSOa + "20

1la. HSO4 - M0 + SO3

14. 503 - 302 + 1/202

The same is true for the H,S50, - 1. cycle (re-
. 2774 20
act‘ons 15-17

15. ZHZO +80, +x1

2 2 = 1,80, + 200 (aq.)



16. stok - H20 + 502

17. ZHIx - x 12 + H2

in which aulfuric acid produced in reaction 15 and
phase separated from Hly is dehydrated prior to
thermal deccmposition. The sulfate should have low
solubility and form ar anhydrous sulfate. An oxide
sulfate may replace metal oxide in reaction 12. A
survey and assessaent of the literatura were made
for antimony and bismuth, both of which satisfy the
firsc two criteria.

+ 1/20,

3'3803 - 51203-2503

19. HZO3 ZSO3 - 51203 SOJ + SO3

Bi 03-3503 decomposes with increasing temper-
ature to SUj anc a series of oxide sulfates termi-
nating in B1,03 itself. The equilibrium S04 pres-
sure for reaction 18 is 1 atm at 860 K, and for re-
action 19 is 1 atm at 1050 K. Final decomposition
to form Bi203 occura at higher temperatures. The
options for generating S03 over a temperature range
that includes intermediate temperatures (in addition
to the high temieratu_es for SOj decemposition {n
reaction 14 shoild be useful in achieving efficiant
extraction of heat from the circulating helium gas
of a high-temperature gas-cooled nucleat reactor.
Experiments are being run to measure S04 pressire in
the Bi203-S09 system.

18. BIZO + SOJ

Add{tional experimentas are being carried out
to obtain equilibrium concentrations and rates of
reactions for hismuth oxide and bismuth oxysulfate
with ~ 50 wtX sulfuric acid solutions.

A preliminary evaluaction of the energy effi-
clency of the bismuth sulfate alternate to the hy-
brid sulfuric acid cycle has been completad. The
hybrid cycle has been described in the literature.
(8) A process gengitivity study (9) using a simpli-
fled flow sheet seen In Fig. 1l illustrated the ac-
tion of procesa variables on the zycle's efficlency.
Data taken from this study were used as a basis for
comparison with the moditfied process involving an
insoluble bismuth sulfate. The flow sheet for this
latter case 1s seen in ¢ly. 2. The sulfuric acid
stream leaving the electrolyzar was assumed to be
at 50 wtf concentration in both cases. An equili-
brium yleld of 75% was calculated for sulfur tri-
oxlde decompositiuon at 1100 K based on published
thermodynamic data (JANAF Tablus).

Tableas II1 and IV illustrate rhe potential
benefits to be gained on adopting tue bismuth sul-
tate method of golution concentration. Reduction
in the haat requirements for the acid concentration
step as wall as for the acld decomposition step
show a potential gain of 12% in efficlency.

Future Rusearch

[n the LASL hydrougen program, we will continue
to test reactlons in cycles that ara potentially
sultable for different heat-sourcn tempaeratures that
also appear reasonable trom the point of view of
thermochemistry. From our laboratory experienca,
it Ls increcasirgly apparent that the most attractive
cycles are usually impractical because of slov re-
action rates for the low-temperature ateps.

One method of impruving kinutics s tu utllize
solutfon chemistry for low-tumperature steps. We

plan to examine more closely solution chemistry as
a method for promuting otherwvise attrictive cycles.
We also hope to identify and incorporate precipita-
tion reactions in order to minimize solution-drying
operationa. We hope the use of solution reactions
will aleo give added flexibility and lead to-the
dlgcovery of cycles that are less corrosive.

The preparation of flowsheets, together with
engineering design activities, is continuing for the
modified sulfuric acid cvcles. Irreversibility
analvais is being applied to these problems as well
as Chic problem of gas separations with support in
this area being given to the DOE Thermochemical Re-
view Committee under the direction of Dr. J. =.
Funk.

Thermochemical cycles capable of utilizing
heat at high temperatures (1500-1700 K) are being
investigated. Thesc cycles, containing two or three
steps, and involving perhaps an oxide or a sulfate
decomposition, mav be a means of producing a syn-
thetic fuel (hydrogen) from magnetic fusion energy.
Scopeing studies and a few preliminarv experiments
are envigioned at this time. This work should also
be applicable to high temperature heat derived from
solar energy.
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TABLE 1

HEAT BALANCE FOR THE SULFURIC-ACID
HYDROGEN BROMIDE CYCLE

(Units = kJ/umol llz)

Heat Heat
——_Step Requirement Available
1. HZSDA (1) 47
Heating
2. uzso‘ 56
Vaporization
6h
J. HZSO‘ (g) 167
H‘nttn;
4. sto6 231
Decomposition
(1100 K)
5. Products Cooling 56
6. SOJISOZIO2 126
Separation
'
7. SOZIBrZIHZO 18
Reaction
8. HBr 13 (Theor.)
597 114
Dacomposition

-H.lt not available for matching

TABLE Il

ESTIMATED EFFICIENCIES FOR THE SULFURIC ACID-
HYDROGEN BROMIDE CYCLE

Efficiency T "

Efficlency 3 =

Bauis: (1,2,3,) u HeaL of Reaction,

HBr

Decompogition

(Units = kJ/mol HZ)

286 L 0.59

564 + 73 - 114

286 = 0.31

324 + 2(73) - 114

Efficlency y =

286 - .45

525 + 3(19) - 11a

TABLE L1l .

WEAT BALANCE FOR HYERID SULFURIC ACID CiCLE

(Units = kJ/mol Hz Produced)

Pover Heat Haat
Step (heat Eq.) Required Avajilable
l. Elec:rolvais 42(126) 42"
2. Acid 648
Vaporization
3. Acid 314
Heating
4, Acid 285
Decompoaition
5. Acid 308
Cooling
6. Acid 402
Condensation
7. Stemm 264"
Condensation
8. soz/soJ/o2 42(126)
Separat ion
84(252) 1241 707 1306°
28R

Efficiency =232 + 1247 = 707 = 0.361

eat unavailauble for matching.

TABLE IV

HEAT BALANCE FUR BLSMUTH SULFATE MODIFIED WYBRID
SULFURLIC ACID CYCLE

(Units = kl/mol Hz Produced)

Stegp

1. Elactrolyuia

2. Blsmuth Sulfate
Formation

3. Bismuth Sulfate
Decomposition

4, EOJ
Decompositlion

5. 5031502102
Separation

Power T 1 Haat
(Heat Eq.) HRuquired Available

%2(126) 229
13-26"
167-251
(vstimated)
96

42(126)
d4(252)  263-347 55-ud"

286

————

Etiticlenzy = 3899 (max) = 0.478

® Hear unavailable fur matching.
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Hybrid sulfuric acid cycle (simplified flow sheet).
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Fig. 2

Hybrid sulfuric acid cycle, bismuth sulfate modification.



